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Attorney Docket No. 2000-001 

PATENT 

RHEOMETER FOR RAPIDLY MEASURING SMALL QUANTITY SAMPLES 

TECHNICAL FIELD 

The present invention relates to apparatus and methods for measuring physical proper- 
ties of samples when subjected to an external shear force. 

BACKGROUND 

Producing materials having specific required properties is steadily gaining in importance 
and, hence, the field of combinatorial chemistry, which generally refers to methods for 
creating collections of diverse materials or compounds, commonly known as libraries, is 
steadily increasing and has revolutionized the process of drug discovery. Combinatorial 
chemistry enables researchers to rapidly discover and optimize useful materials such as 
polymers, superconductors, magnetic materials, etc. In order to record the various prop- 
erties of the materials obtained by combinatorial chemistry, it is necessary to precisely 
and efficiently determine the characteristics of the materials, preferably under varying 
environmental conditions. One important and useful characteristic is the behavior of a 
material, in particular of a polymer, when exposed to an externally-applied shear force. 
Instruments for measuring the response of fluids to applied shear are generally referred 
to as rheological instruments, which may be subdivided into indexers and rheometers. 
Indexers measure a quantity which is correlated with the rheological characteristics, but 
which is difficult to analyze in terms of intrinsic material properties. Although indexers 
can be assembled rapidly from commercially available components, the results of meas- 
urements carried out by means of such indexers are difficult to relate to results of meas- 
urements from other indexers, or to intrinsic material properties, without extensive cali- 
bration. 

Rheometers, on the other hand, measure intrinsic material characteristics, giving them 
broad applicability. Such generality, however, comes at a price due to design costs and 
complexity which are dictated primarily by the need for well-defined static and dynamic 
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test conditions. Moreover, these known rheometers require fairly large quantities of 
sample in the order of 500 mg so as to obtain the required accuracy in analyzing the 
samples. Such large quantity samples, however, are usually not provided by combinato- 
rial synthesizing methods in which, generally, a large amount of differing samples of 
5 small quantity are produced. 

Rheological measurements on sample materials, such as polymeric materials, are per- 
formed in their simplest geometry such that the sample is placed between two parallel 
plates of a design area separated by a gap of known distance, wherein the sample is 

10 sheared by applying a force to one of the plates while keeping the other plate fixed. This 
results in a displacement, i.e. a deformation of the sample confined between the plates, 
which can be characterized in terms of the shear stress and the shear strain. From these 
quantities and the dimensions of the sample, a shear modulus may be calculated. In 
general, the shear modulus is a function of the sample history, the shear strain and the 

15 strain rate. For polymeric materials, the temporal dependence of the shear modulus at 
constant stress typically exhibits four different regimes reflecting different relaxation 
mechanisms available to the polymer chain. 

For sufficiently small deformations, most polymers exhibit linear viscoelastic behavior in 
20 which the shear modulus is independent of the shear strain. Theories of polymer dy- 
namics generally explain the response of a chain in terms of normal modes, each having 
a characteristic frequency. The linear viscoelastic theory gives, then, the response of the 
material as a function of shear history. In measuring the mechanical property of a sam- 
ple material, the sample is subjected to a varying force, e.g. a sinusoidal-varying force, 
25 and the resulting deformation, i.e. the response of the sample is observed. The fre- 
quency response of the sample may then be analyzed in accordance with viscoelastic 
theories to obtain information on the required characteristic of the material. 

In order to perform these measurements with a high degree of accuracy, the rheological 
30 apparatus must be capable of producing a well-defined displacement within a specified 
frequency range. Additionally, since each frequency corresponds to probing the re- 
sponse of the sample material at a particular relaxation time, such measurements take a 
relatively long time period when the relaxation mechanism of the samples requires the 
employment of low frequencies. Hence, measuring a plurality of samples which may be 
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produced by combinatorial chemistry is a very time-consuming and therefore very ex- 
pensive procedure. 

Moreover, the performance of accurate measurements requires the application of suit- 
5 able sensor elements for detecting the shear stress in the samples. In order to obtain 
meaningful experimental results, the sensor elements have to be suitably designed so as 
to reflect the response of the sample to the applied shear strain without any interference 
or at least minor interference of the sensor element 

10 In view of the above-mentioned problems, it is an object of the present invention to pro- 
vide apparatus and methods for rheological measurements which are capable of pro- 
ducing reliable measurement results for a plurality of small quantity samples within a 
short time period. 

15 SUMMARY OF THE INVENTION 

According to one aspect of the present invention, there is provided a miniature rheometer 
for analyzing a small quantity sample of a material of interest, wherein the rheometer 
comprises a first plate and a second plate, forming a pair of plates having a known ge- 

20 ometry for confining the sample between the plates, said sample having a volume of 200 
microliters or less; an adjusting device for adjusting the separation of the plates; an actu- 
ating element mechanically coupled to the first plate, which produces a shear strain 
within the sample by generating a defined small-scale relative motion of the first and 
second plates; a sensing element which outputs a position signal indicative for a dis- 

25 placement of at least one of the first and second plates ; and a feedback circuit for pro- 
viding force rebalance of the force, applied to the sample by the small-scale relative mo- 
tion of the first and second plates, on the basis of the position signal, wherein an amount 
of force rebalance is a measure for the stress within the sample. 

30 The miniature rheometer according to the present invention is suitably adapted to char- 
acterize combinatorial materials. In contrast to known instruments which generally re- 
quire large sample volumes, typically 10-100 times the quantity produced by current 
combinatorial synthetic approaches, the present invention merely requires sample quan- 
tities having a volume of 200 microliters or less, or preferably 10-50 microliters, which 
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are easily obtained by combinatorial synthesizing methods. Since measurements on 
such small sample volumes requires an accurate response of the rheometer on a corre- 
sponding small length scale, the present invention provides a sensing element and a 
feedback circuit which provide for force rebalance of the force that is applied to the sam- 
5 pie in order to avoid the undesired inherent displacement of conventional force sensor 
elements due to shear forces exerted by the sample on the force sensor. Accordingly, 
the force balance may be controlled such that the present miniature rheometer exhibits 
an extremely high effective stiffness with respect to the sample, which in turn insures 
accurate measurement results, even at very small displacements. 

10 

In further embodiments, the position signal which is input into the feedback circuitry so as 
to adjust the force rebalance is obtained from the sensing element which may comprise a 
deformation-sensing element, a encoder means, or any other appropriate means suitable 
to determine the location of the plates with a spatial resolution that is substantially 

1 5 smaller than a minimal displacement of the plates as required for the desired measure- 
ment accuracy. The rheometer may comprise a sensor-actuating element that is me- 
chanically coupled to the second plate so as to maintain the second plate at a predefined 
position upon reception of a driving signal from the feedback circuit. Alternatively, the 
actuating element may be driven from the feedback circuit such that the first plate main- 

20 tains a desired displacement, wherein the second plate may be a fixed plate or may be 
kept at a fixed position. 

In a further embodiment the actuating element used as a shear strain producing means 
comprises a piezo-electric actuator so as to produce the small-scale relative motion. This 
25 allows the miniature rheometer to create small relative displacements of the plates while 
insuring easy control and configuration of the actuator. 

In a further embodiment the plates are disposable plates. The employment of disposable 
plates may considerably facilitate sample preparation and sample replacement after 
30 completion of a measurement run. 

Advantageously, the deformation sensing element is coupled to the actuating element or 
the sensor-actuating element or to both and detects a deformation of at least a portion of 
the respective actuating element. The deformation sensing element measures the 
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amount of deformation generated by the shear force applied to the sample. In this man- 
ner, the signal from the deformation sensing element may either be directly used as a 
measure for the shear force, or it may be supplied to the feedback circuit which adjusts 
the force exerted on the deformation sensing element by the actuating element or the 
5 sensor-actuating element so as to return the deformation sensing element to a prede- 
fined location, e.g. the undeflected state of the deformation sensing element. 

In a further embodiment two or more miniature rheometers may be arranged so as to 
form a parallel rheometer for simultaneously measuring two or more small quantity sam- 
10 pies. To this purpose, a common control unit is provided which controls the shear strain 
producing means and the force sensors of the two or more miniature rheometers. 

According to a second aspect of the present invention, there is provided a parallel 
rheometer for simultaneously analyzing material characteristics of two or more samples, 

15 wherein the parallel rheometer comprises first and second plates respectively having 

regions for receiving and confining said two or more samples, the first and second plates 
being moveable relative to each other; an actuator adapted to move the first and second 
plates relatively to each other for producing a shear strain within each sample; and at 
least one sensor associated with each region for simultaneously detecting shear stress 

20 within each sample. 

As previously stated, standard rheological measurements often characterize materials 
according to their frequency response to an applied oscillatory shear force. Here, the 
frequencies of interest set the minimum measurement time required, which is typically 

25 three or four times the reciprocal of the frequency. Thus, by allowing the simultaneous 
measurement of a large number of samples by means of a parallel rheometer according 
to the present invention, a quick screening of a plurality of material samples (such as 
those produced by combinatorial synthetic approaches) is feasible. Moreover, according 
to the present invention, the minimum sample volume may be kept smaller than in known 

30 single-channel rheometers so as to permit measurements as a function of environmental 
conditions to use much faster condition change rates than are possible with large sam- 
ples. To this end, the parallel rheometer as well as the miniature rheometer may com- 
prise means for applying varying environmental conditions. Preferably, the environmental 
conditions to be varied, individually or simultaneously in any combination, at least include 
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temperature, pressure at a fixed gas composition, composition of a gas atmosphere sur- 
rounding the sample, electric field, magnetic field, and time of application of one or more 
of the preceding quantities when adjusted to respective predetermined values. The 
means may be designed so as to allow the variation of the environmental conditions indi- 
5 vidually for each sample and/or simultaneously for a group of samples. 

In a further embodiment, the shear stress detector comprises a micromachined sensor 
element at each sample position. This allows mass production of nearly identical sensor 
elements at low cost, wherein the required sample volume may easily be maintained 
10 relatively small due to the reduced sensor mass and increased sensitivity provided by 
micromachined devices. 

According to a third aspect of the present invention, there is provided a rheometer, com- 
prising: 

15 a pair of plates spaced apart from each other by a defined distance for receiving and 
confining a sample therebetween, an adjusting means which adjusts the distance be- 
tween the plates, a driving means coupled to at least one of the plates, which generates 
a relative motion between the plates without changing the distance, and a shear stress 
sensor, the shear stress sensor comprising a stress-sensing material of a defined stress- 

20 optic coefficient indicating one of birefringence and retardation of linearly polarized light 
passing the stress-sensing material, as a function of applied stress/unit path length. 

The shear stress detector comprises a stress-optical sensor element which is insensitive 
to electric and magnetic fields, and thus allows to analyze samples within such fields 
25 without creating electrical noise. 

According to a fourth aspect of the present invention, there is provided a sensor element 
for outputting a signal in response to a mechanical deformation applied to the sensor 
element, wherein the sensor element comprises: a sample plate arranged within an 
30 opening of a substrate; at least two tethers, one of each tether being attached to the 

sample plate, the other end of each tether being attached to the substrate so as to sup- 
port the sample plate; a piezo-resistive portion in each of the tethers; and a wiring line 
formed on the tethers and the substrate, connecting each piezo-resistive portion with a 
corresponding contact pad formed on the substrate, wherein the piezo-resistive portion of 
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one of said at least two tethers is adapted to generate a maximum change of its internal 
resistance when a shear force is applied to the sample plate, and wherein the piezo- 
resistive portion of the other one of said at least two tethers is adapted to generate a 
maximum change of its internal resistance when a force normal to the sample plate is 
5 applied. 

As is generally known, shearing a viscoelastic material also generates a force along the 
shear gradient direction. Such forces are potentially of either sign and can be compara- 
ble in magnitude to the shear force. They can strongly affect the macroscopic flow prop- 

10 erties of a material. At a minimum, rheometers must be sufficiently stiff in the shear gra- 
dient direction so that shear actuation results in as near a pure shear field as possible, 
and that any strain determination measures only the shear strain. By means of the sen- 
sor element provided according to the third aspect of the present invention, a shear force 
and a normal force applied to a sample can be detected simultaneously. This improves 

15 the accuracy of the measurement results due to separation of the total instrumental re- 
sponse into shear and normal force components and provides a more comprehensive 
picture of the response of the sample to applied shear. 

This sensor element is particularly advantageous when used in combination with the 
20 above parallel rheometer. 

Further advantages and objects of the present invention follow from the dependent 
claims and the detailed description of the preferred embodiments 

25 BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic perspective view of a translational embodiment of the miniature 
rheometer according to the present invention. 

30 Figs. 2a-2c are schematic top views of actuator elements shown in Fig. 1 . 

Fig. 3 is a schematic perspective view of a rotational embodiment of the miniature 
rheometer according to the present invention. 
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Fig. 4 is a schematic top view of an actuator element as shown in Fig. 3. 

Fig. 5 is a schematic top view of a force sensor which may be used in the rotational em- 
bodiment as shown in Fig. 3. 

5 

Fig. 6 is a schematic top view of a further force sensor, which may be used with the rota- 
tional embodiment as shown in Fig. 3. 

Fig. 7 is a schematic side view of an individual measurement element of a translational 
10 embodiment of the parallel rheometer using micromachined sensor elements. 

Fig. 8 is a schematic top view of the individual measurement element of the translational 
embodiment of the parallel rheometer as shown in Fig. 7. 

15 Fig. 9 is a schematic perspective of a rotational embodiment of the parallel rheometer 
according to the present invention. 

Fig. 10 is a schematic perspective view of an optical shear force sensing element which 
may be used in the parallel rheometer according to the present invention. 

20 

Fig. 1 1 respectively shows a further arrangement for optically detecting the shear force 
within a sample in a parallel rheometer according to the present invention. 

Fig. 12 schematically shows the structure of a sensor element which allows the simulta- 
25 neous measuring of a shear force and a normal force applied to a sample, wherein the 
sensor element is preferably useable in a parallel rheometer according to the present 
invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

30 

With reference to Figs. 1 and 2, a translational embodiment, i.e. an embodiment that 
produces a translational displacement between a top surface and a bottom surface of a 
sample, of the miniature rheometer according to the present invention will now be de- 
scribed in detail. 
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In Fig. 1, merely a portion of the translational embodiment of the miniature rheometer of 
the present invention is shown. A moving plate 100 is mounted on a shaft 101. Another 
plate 102, which will also be referred to as the "fixed plate" even though this plate may be 
5 movable, is arranged parallel to the moving plate 100. Plates 100 and 102 have surfaces 
which are arranged in an opposed relationship so as to be parallel to each other. The 
geometrical structure as well as the dimensions of the respective surfaces are selected 
so as to result in a desired configuration. Although the plates 100 and 102 are shown as 
circular elements, any other geometrical structure, such as squares or rectangles, etc., 

10 may be used for the surfaces of plates 100 and 102. Plate 102 is also mounted on a 
shaft 103. Preferably, the shafts 101 and 103 are made of a rigid, thermally insulating 
material. However, any appropriate material may be used, and in some cases electrical 
and/or thermal conductivity of portions of the shaft 101 and 103 may be desirable. Shaft 
101 is attached to an actuating element 104, which comprises a metal foil 105 which is of 

15 a rectangular shape. On at least one side of the metal foil 105, a plate of piezoelectric 
material 106 is attached. In this embodiment two piezoelectric plates 106 are used with 
the metal foil 105, however, it is also possible to use merely one piezoelectric plate on 
one surface of the metal foil 105. Moreover, two or more piezoelectric plates may be 
used in accordance with design requirements. Actuating element 104 is attached to 

20 shaft 101 , preferably in a non-permanent manner, e.g. by providing a slit for receiving the 
actuating element 104. This permits the use of disposable plates, which in turn facilitates 
measurements of samples that are difficult to remove from the plates. The actuating 
element 104 is further attached to a mechanical assembly, which may be provided in the 
form of clamping blocks 107 which comprise slits for receiving end portions of the actu- 

25 ating element 104. A wiring assembly for applying a voltage to the piezoelectric plates 
106 is also provided, but is not shown in Fig. 1. Depending on the crystallographic ori- 
entation of the piezoelectric plates 106, metal foil 105 may serve as a common electrode 
for applying a desired voltage to the plates 106. Alternatively, metal foil 105 may be cov- 
ered by a thin, electrically-insulating layer on the middle portion, where the piezoelectric 

30 plates 106 cover the metal foil so that a voltage may be applied to the piezoelectric 
plates 106 by means of the electrically conductive end portions of the metal foil 105, 
which are clamped in place by a clamping blocks 107, which then preferably may be 
made of an electrically conductive material so as to serve as electrodes. 
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In this embodiment, the assembly regarding the fixed plate 102 is identical to the struc- 
ture referring to moving plate 100, i.e. shaft 103 is attached to an actuating element 108 
comprising a metal foil 109 with piezoelectric plates 1 10 on either side. Clamping blocks 
111 are provided in order to clamp the actuating element 108 in place. Regarding elec- 
5 trical connections to the piezoelectric plates 110, the wiring is configured in an analogous 
manner as previously described with reference to plates 106. 

Fig. 2a is a schematic top view of the actuating element 104 or of the actuating element 
108 of Fig. 1 . For the sake of clarity only, the reference signs regarding actuating ele- 

10 ment 104 are shown. As the piezoelectric plates 106 are made of a piezoelectric mate- 
rial, the plates 106 will undergo dimensional changes in response to an applied electric 
field. In Fig. 2a, the piezoelectric plates 106 are arranged such that the application of a 
voltage of known polarity will cause an expansion of the upper one of the piezoelectric 
plates 106 along a longitudinal axis and application of the reverse voltage to the lower 

15 piezoelectric plates will cause a contraction of the this plate along the longitudinal axis as 
indicated by corresponding arrows in the figure. 

Fig. 2b shows the actuating element 104 in the state when a voltage is applied. 

20 Fig. 2b schematically shows the bent actuating element 104, when the end portions 

thereof are clamped in place by the clamping blocks 107. The application of a voltage to 
the clamped actuating element 104 produces a quadruple bend that is symmetric about 
the center portion of the actuating element. Reversing this voltage reverses the bend. 
Application of an alternating voltage to the actuating element 104 therefore results in re- 

25 ciprocating linear translation of the center of the actuating elements as is indicated by 
arrow 112. 

In operation, a sample of a material of interest, preferably a material produced by combi- 
natorial synthetic approaches, is disposed in the gap between the moving plate 100 and 
30 the fixed plate 102. In order to obtain well-defined experimental conditions, means may 
be provided to remove excess sample material, which may have accumulated during 
sample loading, from the edges of the plates. This is typically accomplished by providing 
a sharpened punch which translates and/or rotates along the plate edges so as to cut 
away excess material which extends beyond the edges of the plates. After having ar- 
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ranged the samples, which can be prepared by molding or otherwise forming samples to 
the dimensions of the plates 100 and 102, the plates 100 and 102 are translated so as to 
be brought into contact with the formed sample. For this purpose, means are used which 
is not shown in the figures, but, which may, as the person skilled in the art will readily 
5 appreciate, be any appropriate mechanical assembly used in this field for translating the 
plates along a line normal to the opposing surfaces of the plates, so as to correctly adjust 
and define the distance of the gap. Alternatively, material may be placed on one plate 
and the other plate may be translated to a defined relative gap distance in order to mold 
specimens of known thickness. In this case, excess sample material is removed as pre- 
10 viously pointed out. 

Next, a defined voltage is applied to the actuating element 104, preferably an alternating 
voltage with known rate and amplitude, so as to achieve a desired displacement of the 
middle portion of the actuating element 104, as has been explained with reference to 
15 Figs. 2. Thus, plate 100 which is coupled to the middle portion of the actuating element 
104 by the rigid shaft 101 is also reciprocally displaced. 

As previously mentioned, the actuating element 108 may be constructed in the same way 
as the actuating element 104. In this embodiment, the actuating element 108 serves as 

20 a force sensor detecting the force which is required to hold plate 102 in place. For this 
purpose, preferably one of the piezoelectric plates 109 acts as an actuating element, 
whereas the other one of the piezoelectric plates 109 serves as a deformation sensor 
element. As can be readily appreciated, both piezoelectric plates 109 may serve as an 
actuating element and an additional deformation sensor element. The deformation sen- 

25 sor element may be a piezoelectric plate or a conventional mechanical deformation sen- 
sor, such as a strain gage, attached to actuating element 108. The middle portion of ac- 
tuating element 108 will be displaced in response to the shear force applied to the sam- 
ple confined between the plates 100 and 102. This displacement is detected by one of 
the piezoelectric plates 109 or, alternatively, by an additionally applied deformation 

30 sensing element, and is output as an electrical signal to a feedback circuitry which is not 
shown in the figures. The feedback circuitry, in turn, will supply a voltage to the piezoe- 
lectric plate 109 which serves as an actuating element, so as to generate a force which 
opposes the shear force applied by the sample to the plate 102. Accordingly, the feed- 
back circuitry may be controlled such that the actuating element 108, and thus the plate 
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102, may be maintained in an un-deflected state or any desired position when an offset 
voltage is added to the voltage supplied to piezoelectric plate 109. Advantageously, the 
voltage applied to the piezoelectric plate 109, which serves as an actuating element, may 
also serve as an output of the force sensor for determining the shear force within the 
5 sample. In comparison with traditional force sensors, this "force rebalance" sensor is 
exceptionally stiff, i.e. the fixed plate 102 remains fixed for a wide range of applied shear 
forces, and hence it is possible to accurately determine the shear strain, i.e. the differ- 
ence in the lateral position between the moving plate 100 and the fixed plate 102 

10 The output of the force sensor, i.e. the actuating element 108, may then be processed in 
any desired manner, i.e. the voltage obtained from the force sensor may be amplified, 
converted into digital signals, stored in a corresponding memory, or processed by a mi- 
croprocessor so as to receive required force - displacement curves, which can be related 
to various rheological or mechanical characteristics of the sample, wherein the dimen- 

15 sions of the plates 100 and 102 are taken into account. In a typical application for poly- 
meric materials, the moving plate 100 executes sinusoidal varying motions with frequen- 
cies from 0.01-1000 rad/s with an amplitude of, at most, 1% of the spacing between the 
plates 100 and 102. The sinusoidally-varying signal is observed at the force sensor, 
wherein the ratio offeree waveform amplitude to the displacement waveform amplitude is 

20 related to the modulus of the material at that frequency. The existence of a difference in 
phase between the force and displacement waveforms implies that this modulus may be 
represented as a complex quantity. The real part of this complex modulus corresponds 
to the "elastic" or "storage" modulus of the viscoelastic material; the imaginary part corre- 
sponds to the "viscous" or "loss" modulus. 

25 

Although the above embodiment is described using the piezoelectric actuator 104, it is 
also possible to employ any appropriate means for displacing the sample, such as a 
motorized stage, which then may preferably include a second force sensor for determin- 
ing any force exerted along a line joining the centers of the moving plate 100 and the 
30 fixed plate 102 when the plates are positioned above one another. This type offeree is 
usually referred to as normal force. A variety offeree sensors are suitable for this pur- 
pose, in particular the piezoelectric force sensor as described above. 
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With reference to Figures 3 and 4, a further embodiment is described which is capable of 
generating a rotational displacement with respect to the surfaces of a small quantity 
sample. 

5 Figure 3 shows a perspective schematic view of a rotational embodiment of the present 
invention. 

Between a moving plate 300 and a fixed plate 302, a small quantity sample of a material 
to be characterized may be arranged. Regarding the preparation of the sample and ad- 

10 justing the distance between the plates 300 and 302, the same considerations as given 
with respect to the translational embodiment shown in Figure 1 also apply in this case. 
Moving plate 300 is mounted on a shaft 301 which, in turn, holds an actuating element 
304. Actuating element 304 is comprised of a metal foil 305 of rectangular shape. At- 
tached to metal foil 305 are four piezoelectric plates 306, wherein two of the piezoelectric 

15 plates 305 are arranged on one surface of the metal foil separated by the shaft 301 and 
the other two of the piezoelectric plates 306 are arranged on the other surface of metal 
foil 305. Thus, respective two of piezoelectric plates 306 are arranged in an opposed 
relationship with metal foil 305 disposed in-between. The metal foil 305 is clamped in 
place by a mechanical assembly provided as clamping blocks 307. 

20 

Fixed plate 302 is mounted on a shaft 303 which, in turn, is connected to a torque sensor 
308 which comprises sensor elements 309 that are connected with one end portion to 
the shaft 303, and with the other end portion to a support 31 1 . 

25 Figure 4 shows a schematic top view of the actuating element 304. Similarly, as already 
explained with reference to Figures 2, two opposing piezoelectric plates 306 sandwiching 
the metal foil 305 are electrically connected to a voltage supply in such a way that appli- 
cation of a voltage leads, for example, to an expansion of the upper piezoelectric plate 
and a contraction of the lower piezoelectric plate on the right side of Figure 4, and the 

30 piezoelectric plates 306 on the left side are accordingly wired so as to exhibit the inverse 
behavior. Thus, a central axis of the metal foil perpendicular to the drawing plane of Fig- 
ure 4 is subjected to a rotational displacement. 
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Figure 5 shows a schematic top view of the torque sensor 308. The shaft 303, which 
may be made of a thermally insulating material, is attached, preferably in a non- 
permanent manner so as to permit the use of disposable plates, to at least two piezoe- 
lectric plates. In the present case, however, four piezoelectric plates 309 are employed 
5 and are attached to the surface of the shaft 303, such that one end of each piezoelectric 
plate 309 is tangential to the surface of the shaft 303. The other end of each piezoelec- 
tric plate is tethered to the rigid support 31 1 . The crystal structure of plate 309 is aligned 
such that applying a voltage across the plate causes the greatest dimensional change 
along the line tangential to the shaft 303. As is shown, the piezoelectric plates 309 are 
10 preferably aligned along opposite sides of the shaft 303 so that the net torque resulting 
from application of a voltage across the piezoelectric plates does contain a component 
which would tend to rotate the shaft out of its un-energized orientation. 

The torque sensor 308 further contains a sensing element, in this case in the form of the 
15 other two of the piezoelectric plates 309. The sensing element may, however, be any 
conventional strain gage or piezoelectric element which generates a signal upon rotation 
of the shaft 303. A feedback circuit which is not shown in the Figure monitors this signal 
and adjusts the voltage applied to the piezoelectric plates 309, which act as an actuating 
element, so as rebalance the force applied to the shaft 303 and to return the shaft 303 to 
20 the un-rotated position or any desired position when a corresponding offset voltage is 
added to the voltage supplied to the piezoelectric plates 309. Advantageously, this volt- 
age may also serve as a measure of the torque at the shaft 303. 

As in the case of the translational embodiment, this design is exceptionally stiff so that 
25 the fixed plate 302 remains fixed for a wide range of supplied shear forces. Hence, the 
torque sensor as described above permits the shear strain, i.e. the difference in angular 
position between the moving plate 300 and the fixed plates 302, to be accurately deter- 
mined. 

30 Figure 6 shows an alternate form of the torque sensor. In this alternative embodiment, 
the torque sensor 308 comprises two or more piezoelectric assemblies, each consisting 
of at least one piezoelectric plate 319 bounded to a metal foil 315, which are attached to 
the surface of the rigid shaft 303 such that one of the edges of the foil is parallel to the 
axis of the shaft 303 and that the other edge of the foil lies along a line perpendicular to 
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the axis of the shaft. The edge of metal foil 31 5 opposite the edge in contact with shaft 
303 is clamped in place by means of the rigid support 31 1 . In the embodiment described 
with reference to Figure 5, applying a voltage to the piezoelectric plates produce the ex- 
pansion or contraction of the assembly along a line tangential to the shaft 303, resulting 
5 in a torque. In this alternative embodiment, applying a voltage to the piezoelectric as- 
sembly comprising the piezoelectric plate 319 and metal foil 315 produces the buckling of 
the metal foil 31.5 and thus the rotation of the "shaft end" of the assembly about the 
"clamped end", also resulting in a torque being applied to the shaft 303. In this embodi- 
ment, four piezoelectric assemblies, each comprising a piezoelectric plate and a metal 

10 foil are employed. As it will be readily appreciated, more than one piezoelectric plate 319 
per piezoelectric assembly may be used. Moreover, any number of piezoelectric ele- 
ments may be employed, wherein advantageously at least one of the piezoelectric as- 
semblies may be used as a deformation sensing element in combination with a feedback 
circuit so as to maintain the shaft 303 on its un-rotated position, thereby providing an ex- 

1 5 ceptionally stiff torque sensor element. 

Sample preparation and operation of the rotational embodiment is carried out in a similar 
way as described with reference to the translational embodiment. Although moving plate 
300 and fixed plate 302 have been described as plates with flat surfaces, any appropriate 
20 geometry of the plate surface may be employed. For example, one of the plates may 

consist of a cone of known apex angle, which is well-known in the art as "cone and plate" 
geometry. 

Furthermore, as already pointed out with reference to the translational embodiment, the 
25 shafts 301 and 303 are preferably made of a rigid, thermally insulating material so that 
varying the temperature of the sample disposed between the plates 300 and 302 would 
not be affected by the shafts 301 and 303 coupled to actuating element 304 and torque 
sensor 308, respectively. Moreover, the shafts 301 and 303 are preferably attached to 
the actuating element and the sensor element in a non-permanent manner so as to per- 
30 mit the use of disposable plates, thereby increasing the speed of sample replacement. 

In a further variation, which is not shown in the figures, the rheometer comprises a first 
plate that is mechanically coupled to an actuating element such as actuating element 104 
as previously described with reference to Fig. 1. However, any other appropriate actuat- 
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ing element which allows a translational or rotational displacement between the first and 
the second plates may be used. A sensing element such as a deformation sensing ele- 
ment as described with reference to Fig. 1-6 may be employed to output a signal to a 
feedback circuit in response to the displacement of the first plate. The feedback circuit, in 
5 turn, outputs a voltage to the actuating element so as to return the actuating element to a 
predefined position, thereby effecting a force rebalance of the force applied to a sample 
confined between the first and second plates. The voltage provided to the actuating ele- 
ment may serve as an indication for the shear stress within the sample. As can readily 
appreciated, the second plate can be maintained at a fixed position, either by a second 
10 actuating element coupled to the second plate, or a fixed support holding the second 
plate. While the former alternative provides for the possibility to perform measurements 
as described with reference to Fig. 1 - 6 and in a way as described in this paragraph, 
with the same apparatus, the latter alternative obviates the necessity for a second actu- 
ating element. 

15 

Moreover, the displacement can be detected by any suitable encoder means, such as an 
optical sensor, etc. to provide the position signal for the feedback circuit. 
Additionally, all of the embodiments as described above may additionally comprise an 
environmental chamber so as to vary physical properties such as pressure, gas compo- 

20 sition of an atmosphere surrounding the sample, temperature, electric and magnetic 

fields by providing, for example, electrodes and coils providing an electrical and magnetic 
field across the sample, etc. In addition, two or more of the above embodiments may be 
combined to form a rheometer "array" or a "parallel rheometer", wherein advantageously 
a central control unit is provided so as to monitor and control the performance of individ- 

25 ual rheometer elements of the rheometer array. Thus, a large number of small quantity 
samples may be characterized within a short time period, wherein the exceptionally stiff 
force sensor elements provide for accurate measurement results, even for the small 
scale displacements required for these samples. 

30 Next, with reference to Figures 7-12, a further embodiment of a rheometer is described 
which allows simultaneous measuring a plurality of samples. 

Figure 7 shows a schematic cross-sectional side view of an exemplary embodiment of 
the parallel rheometer of the present invention. In Figure 7, a parallel rheometer 700 
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comprises a shear plate 701 which may contain, at predefined locations, raised regions 
702 of known dimensions. Samples 703 are disposed between the shear plate 701 and 
a fixed plate 704 at the predefined regions. In this embodiment, the fixed plate 704 is 
made of an appropriate substrate carrying corresponding micromachined sensor ele- 
5 ments. However, any appropriate fixed plate, preferably made of a rigid material such as 
aluminum or stainless steel, may be employed. The shear plate 701 and the fixed plate 
704 are arranged parallel to one another with typical plate separations at the predefined 
regions of under 1mm. With each predefined region, i.e. with each sample, there is as- 
sociated a sensor element 705 in order to detect a force applied to the sensor element 

10 705 by the shear plate 701 via the sample 703. Although in Figure 7 a micromachined 
silicon force sensor is shown as the sensor element 705, any appropriate sensor may be 
employed, including those sensor elements that are described later with reference to 
Figures 10-12. The sensor element 705 has been micromachined in a silicon substrate, 
however any appropriate material such as silicon nitride and silicon dioxide may be used 

1 5 for the fixed plate 704 and the sensor elements 705. 

Figure 8 shows a schematic top view of one rheometer element with the shear plate 701 
removed. The sample 703 is placed on a rectangular silicon plate of the force sensor 
element 705. The rectangular plate is attached to the fixed plate 704, i.e. in this case a 
20 silicon substrate, by means of four tethers 706. The tethers 706 are equipped with pie- 
zoelectric material or any other appropriate means for sensing a deformation of the teth- 
ers 706. 

Figure 9 is a schematic perspective view of a further embodiment of the parallel 
25 rheometer according to the present invention. In Figure 9, a fixed plate 904 comprises 
predefined regions 902 for receiving a sample of a material of interest. An array of test 
fixtures 901 is movably mounted on a means which is not shown in the Figure, so that 
the test fixtures 901 may be lowered onto the predefined region 902 and positioned at a 
known distance from the fixed plate 904. The text fixtures 901 acting as actuating ele- 
30 ments may have any appropriately structured surface so as to define a required shape of 
the actuator-sample contact. In Figure 9, a cone-and-plate geometry is shown in which 
the actuator is a cone of a known apex angle. Other geometries, however, such as a 
parallel plate geometry in which the actuator is a flat disk parallel to the sample surface, 
may be employed as well. As in the previously-described embodiment, entrainment of 
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viscous fluids is sufficient to keep the samples confined within a column capped by the 
actuator and the raised regions on the fixed plate 904. The test fixtures 901 are individu- 
ally coupled to respective motors 910 via respective encoders 91 1 . Advantageously, the 
predefined regions 902 contain respective force sensor elements. 

5 

Again referring to Figures 7 and 8, a strain field is generated across each sample by at- 
taching the shear plate 701 to a translation stage which is not shown in the Figures. This 
translation stage moves in the plane of the plate-sample contact at a controlled rate so 
as to approximate a sinusoidal displacement of a required amplitude and frequency. The 
10 fixed plate 704 remains fixed in position, resulting in a shear field extending through each 
sample. Appropriate translation stages providing the required displacement with appro- 
priate amplitude and frequency are well-known to those skilled in the art. 

In a further embodiment, a micromachined electrostatic drive can be associated with 
1 5 each sample, thereby permitting independent control of the strain field for each sample 
for extremely small displacements. Such actuators are preferably fabricated from silicon, 
silicon nitride, or any other suitable materials. 

In the embodiment described with reference to Figure 9, the motors 910 are actuated to 
20 provide a rotational displacement which may be provided to the samples in the form of a 
sinusoidal displacement of a desired amplitude and frequency or in the form of a con- 
tinuous, i.e. a non-reciprocating shear at a defined shear rate. Compared to the transla- 
tional embodiment described with reference to Figures 7 and 8, the rotational embodi- 
ment permits measurements under steady, shear conditions and can also be configured 
25 to operate as a controlled stress rheometer, as will be described below. 

The translational embodiment as well as the rotational embodiment include a shear 
stress sensor at each sample position. One version of this sensor element is described 
with reference to Figures 7 and 8 and consists of a micromachined silicon rectangle 
30 which is tethered to the surrounding silicon substrate by four micromachined silicon teth- 
ers. The surface of the rectangle lies in the plane of the surrounding silicon surface. 
Applying a shear stress to this rectangle by any of the means as described above gener- 
ates a piezoelectric response in the four silicon tethers which can be detected by con- 
ventional electronic means such as a resistance bridge. Any variations in the geometry 
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of this sensor element may be performed so as to permit it to be optimally used in all of 
the embodiments described above, i.e. the number of tethers, the shape of the silicon 
plate for receiving the sample, the location of the individual tethers, etc. may be adapted 
to the type of displacement required. 

5 

Although the operation of the embodiments of the parallel rheometer according to the 
present invention is described by means of a sinusoidal reciprocating motion in which, for 
example, an external processor directs the translation stage attached to the shear plate 
701 , or individually directs the micromachined electrostatic actuators, or individually di- 

10 rects the motors 910 to execute periodic motion in the plane of the plate-sample contact, 
other types of displacement such as triangular displacement of known amplitude and 
frequency, in which the strain rate is constant except at the turning points of the motion, 
and a motion which approximates a square wave of known amplitude and frequency may 
be employed as well. The raw data obtained from the sensor elements consists of the 

15 shear stress as a function of time and may be reduced and/or processed so as to yield a 
single amplitude for the shear stress waveform for each sample, wherein the data proc- 
essing may be performed sequentially as well as in a parallel manner, depending on the 
computational ability of corresponding signal processing means. At any rate, signal 
processing speed is high compared to the mechanical time constant involved in the re- 

20 sponse of the sample so that a "quasi"-parallel output of measurement results is ob- 
tained, even if the sensor signals are sequentially processed. 

It is also possible that the samples are subjected to a step shear and the resulting strain 
is determined as a function of time. This may be accomplished by providing the square 

25 wave displacement described above. Moreover, the embodiments described above may 
also be operated in a controlled stress mode. In this case, an external processor directs 
the actuator, i.e. the shear plate 701 , the micromachined actuators, or the motors 910, to 
move so as to produce a certain shear stress within each sample. The displacement 
required to produce this stress is recorded with the aid of appropriate means, such as 

30 encoders 911. As before, the raw data consists of the displacement as a function of time 
which may be processed in any desired manner. 

In other embodiments, the parallel rheometer of this invention preferably includes means 
for controlling and changing environmental conditions. This may be accomplished by 



EMLN: EL493560363US 



mounting the embodiments in a temperature-controlled environment (not shown in the 
figures), permitting measurements to be made as a function of temperature, as a function 
at one or more temperatures, as a function of one or more temperature ramp rates, or as 
a combination of two or more of the preceding measurement criteria. In this case, tem- 
5 perature sensing can be provided by a thermocouple, thermistor or any other appropriate 
temperature-sensitive element attached to the shear plate or the fixed plate. Moreover, a 
thermocouple may be attached to each sensor or a standard micromachined resistor 
may be associated with each sensor. 

10 Moreover, the embodiments of the parallel rheometer may be mounted in a pressure- 
tight enclosure (not shown in the drawings) permitting measurements to be made as a 
function of pressure, as a function of time at one or more pressures, as a function of 
pressure change rate, or as a combination of two or more of the preceding measurement 
criteria. Preferably, the enclosure is fitted with a purge valve enabling variation of gas 

15 composition and permitting measurements to be made as a function of composition, of 
time at a given composition, as a function of composition change rate, or as a combina- 
tion of two or more of these criteria. 

Moreover, either the shear or the sample plate may be fitted with one or more or an array 
20 of electrodes which serve to generate an electric field across each of the samples or 

across the samples as a whole. Measurements may be made as a function of field am- 
plitude, field frequency, the rates of change of these two quantities, time at a given value 
of these two quantities, or a combination of two or more of these criteria. 

25 In a further variation, either plate can include one or more or an array of coils which gen- 
erate a magnetic field across each sample. Alternatively, the entire parallel rheometer 
may be placed between the poles of a large magnet or a pair of Helmholtz coils. In this 
case, the devices surrounding the sample, i.e. the shear plate 701 and the fixed plate 
705 or 904 have to be constructed of a non-magnetic material in order to avoid eddy cur- 

30 rents associated with the motion of the plates. Again, measurements may be made as a 
function of field amplitude, field frequency, the rates of change of these two quantities, 
time at a given value of these two quantities, or a combination of two or more of these 
criteria. 
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Preferably, in the embodiments having electrodes or coils generating a magnetic field, a 
force sensor element may be employed that is immune to electromagnetic noise, such as 
the sensor elements described below. However, the electronic sensor as described 
above with reference to Figures 7 and 8 may, nevertheless, be used as well. 

5 

Furthermore, in another embodiment, some or all of the environmental conditions deline- 
ated above may be varied simultaneously. 

Next, a variety offeree sensor elements are described which may be used in a rheome- 
10 ter, such as the above-described miniature rheometer and the parallel rheometer of the 
present invention, or any other appropriate rheometer known in the art. 

Some of the sensor elements described below and referred to as "stress-optic" employ a 
material with a known stress-optic coefficient. This coefficient describes the birefrin- 
15 gence, or anisotropic retardation of linearly-polarized light, of a material as a function of 
the applied stress per unit path length. 

Figure 10 is a schematic perspective view of the first embodiment of a stress-optic sen- 
sor according to the present invention. In Figure 10, an optical fiber 1001 is attached to a 

20 block of stress-optic material 1002. The block 1002 is made of a suitable sensor mate- 
rial, including transparent plastics such as polymethyl methacrylate, suspensions of liquid 
crystals in a polymeric matrix, and certain silica glasses. A fixed plate 1003, preferably 
made of a rigid material such as stainless steel or aluminum is attached to the block 
1002 in order to receive a sample. Opposed to fiber 1001 is a second fiber 1004 which is 

25 optically coupled to a detector element 1005. Fiber 1001 serves as an input fiber and is 
designed as a single mode optical fiber allowing the propagation of linearly polarized 
light. Accordingly, only linearly polarized light will enter block 1002, and the polarization 
direction of the input light will be changed in conformity with the shear force applied to 
the sample which is indicated by the arrow in Figure 10. Preferably, optical fiber 1004, 

30 acting as an output fiber, is also designed as a single mode fiber with its polarization di- 
rection selected such as to be perpendicular to the polarization direction of the light out- 
put by fiber 1001. Preferably, the stress-optic material of block 1002 is prepared so as to 
exhibit zero birefringence in the absence of stress. Hence, substantially no light will be 
output by fiber 1004 and input into detector element 1005 when no shear stress is ap- 
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plied to a sample on plate 1003. Application of stress to the sample and thus to the sen- 
sor element alters the polarization of the light transmitted to block 1002 and produces a 
measurable signal at detector element 1005. The signal increases with increasing shear 
stress applied to the sample. 

5 

Alternatively, a polarizing element 1006 may be used between fiber 1004 and detector 
element 1005 when input fiber 1001 and output 1004 are of the same type, i.e. have the 
same polarization direction. Polarizing element 1006 is oriented such that its polarization 
direction is perpendicular to that of the fibers 1004 and 1001. 

10 

In a further alternative, the stress-optic material of block 1002 may be replaced by a short 
length of input fiber 1001 or output fiber 1004, which retards the polarization state of the 
transmitted light beam in response to a shear stress applied to the sample. 

1 5 Figure 1 1 schematically shows a further embodiment of a stress-optic sensor element 
according to the present invention. In Figure 1 1 , a light source 1 101 , preferably a laser, 
emits linearly polarized light. The light emitted by light source 1101 passes through a 
half-mirror 1 102 and is input into a multimode fiber 1 103. A block of stress-optic material 
1 104 is attached to the other end of fiber 1 103. The end of block 1 104 opposing the fiber 

20 1 103 is provided with a sample plate 1 105 which is preferably made of a rigid material 
such as stainless steel or aluminum and which is capable of reflecting light. Above sam- 
ple plate 1 105, a "moving" plate 1 106, acting as an actuator, is positioned such that a 
sample 1 107 is confined between sample plate 1 105 and actuator 1 106. In this em- 
bodiment, actuating element 1106 and sample plate 1105 exhibit a cone-and-plate ge- 

25 ometry, however, any other appropriate geometry such as a parallel-plate geometry may 
also be used as previously mentioned. Further, in the optical path of light reflected by 
half-mirror 1 102, a polarizing element 1 108 is disposed in front of a detector 1 109. 

In operation, light source 1 101, such as a laser, emits linearly polarized light which 
30 passes half-mirror 1 102 and enters optical fiber 1 103 which may be a multimode fiber. 
The light introduced into optical fiber 1 103 is guided to the stress optic material of block 
1 104 and is reflected by sample plate 1 105. The polarization direction of the light is al- 
tered due to a shear force applied to the sample 1 107 by the actuating element 1 106 
which, in turn, induces a force in the stress-optic material 1 104. The reflected light hav- 
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ing the altered polarization direction due to its interaction with the stress-optic material is 
partly reflected by half-mirror 1 102 and directed to polarizing element 1 108 whose polari- 
zation direction is perpendicular to that of light source 1 101 . Hence, detector 1 109 will 
detect a light intensity in response to the shear force prevailing in the stress-optic mate- 
5 rial 1 104. Alternatively, optical fiber 1 103 may be a single mode fiber with its polarization 
direction adjusted to be parallel with that of light source 1101. In this case, polarizing 
element 1 108 may be omitted so that detector 1 109 will detect a decreasing light inten- 
sity with increasing stress applied to the sample. 

10 Alternatively, light from light source 1 1 01 is transmitted though a circular polarizer 1 102b. 
Circularly polarized light is then introduced into the optical fiber and is guided to the 
stress optic material and reflected back by the sample plate. The polarization state of the 
light is altered due the stress induced in the stress-optical material by shear applied to 
the sample by the actuating element. The reflected light having an altered polarization 

15 state due to its interaction with the stress-optic material is partly transferred back through 
the circular polarizer 1 102b. Hence detector 1109b (positioned beside light source 1101) 

i 

will detect a light intensity in response to the shear force prevailing in the stress-optic 
material. 

20 Alternatively, the linearly polarized light may be directed onto the stress-sensor material 
at an oblique angle. Some fraction of the light is transmitted through the sensor material 
and is then reflected from the sample plate 1 105 to pass back through the stress-optic 
material. In this case, the optical fiber 1 103 may be omitted and some fraction of the 
reflected light is transmitted through the material-atmosphere interface and is incident 

25 onto the appropriately-placed polarizing element 1 108 and detector 1 109. 

In a further embodiment not shown in the Figures, using single mode fiber optic the input 
fiber, the sensor material and the output fiber are combined into a single length of a sin- 
gle mode fiber optic. Applying a shear stress to a "sensor" section of this fiber optic ro- 
30 tates the polarization direction of the light passing through it due to the "stress optic" 
characteristics of the sensor section, as previously pointed out. The output section of 
this single mode fiber optic transmits only that portion of the light which has a polarization 
direction parallel to that transmitted by the input section. Thus, the intensity of light exit- 
ing the output section decreases with increasing shear stress applied to the sample. 
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Quantitative measurements may be facilitated by comparing the output of this single 
mode fiber optic to that transmitted by a second, unstressed length of a single mode fiber 
optic. 

5 Suitable polarizers which may be employed in some of the above-mentioned embodi- 
ments include sheets of polarizing films, polarizing mirrors, and the direction of an initially 
polarized light beam onto the surface of the stress-optic material at the brewster angle. 
For the detectors used in the several embodiments mentioned above, films, photomulti- 
pliers, avalanche photodiodes, conductive photocells and CCD cameras may be em- 
•> 10 ployed. 

The above-described embodiments of stress-optic sensors according to the present in- 
vention provide for ease of parallel data acquisition, immunity to electromagnetic noise, 
and great robustness at low temperatures. 

15 

With reference to Figure 12, an improved force sensor element is described which allows 
the simultaneous measurement of a shear force and a normal force. 

In Figure 12, a recess portion 1201 is formed in a substrate 1202 comprising silicon or 
20 any other appropriate material such as silicon nitride or polyimide, etc., by standard mi- 
cromachining manufacturing steps such as photolithography and etching. Within the re- 
cesses portion 1201, a rectangular plate 1203 is formed which is tethered by four tethers 
1204, 1205, 1206 and 1207 to the substrate 1202. Each of the tethers 1204-1207 com- 
prises two regions that have piezo-resistive properties, which are shown as "N-doped" 
25 regions as indicated by "n" in the Figure. The tethers 1204 and 1207 are electrically 

connected by a wiring line 1208 which, in turn, is electrically connected to contact pads 
1209 and 1210, respectively. Similarly, tethers 1205 and 1206 are electrically connected 
by a wiring line 121 1 which, in turn, is electrically connected to contact pads 1212 and 
1213, respectively. Figure 12 is not to scale and the width of the tethers 1204-1207 is 
30 exaggerated in comparison with the side length of the plate 1203. In a preferred em- 
bodiment of the force sensor according to the present invention, the width of the tethers 
is about 80 pm and the side length of plate 1203 is in the range of one to several mm. 
The length of the tethers is about 1 mm and the length of a single piezo-resistive area, 
i.e. of any N-doped regions in the surface layer of each tether, is about 300 pm. 
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As the skilled person will readily appreciate, the above dimensions may be varied in nu- 
merous manners so as to satisfy design and application requirements. 

The force sensor according to the present invention is preferably manufactured as an 
5 array on a silicon substrate such as a lightly N-doped silicon wafer having a thickness of 
about 400 pm by means of conventional semiconductor manufacturing procedures which 
are well-known to the person skilled in the art. Hence, a detailed description of the vari- 
ous procedural steps in manufacturing the force sensor array will be omitted. 

10 In operation, an input voltage is applied to the contact pads 1209 and an output voltage 
is obtained at contact pad 1210 which represents the middle terminal of a piezo-resistive 
bridge formed by the respective N-doped regions of the tethers 1204 and 1207, respec- 
tively. Similarly, an input voltage, possibly of the same amount as that applied to contact 
pads 1203, is applied to contact pads 1212 and an output voltage can be detected at 

1 5 contact pad 1213 which represents the middle terminal of a piezo-resistive bridge formed 
by the respective N-doped regions on the tethers 1205 and 1206, respectively. When a 
shear force is applied to the plate 1203, i.e. a force which, in the configuration of Figure 
12, is substantially oriented in the plane of the plate 1203 and normal to the axes of the 
tethers 1204-1207, so as to cause a slight displacement of the plate 1203, thereby gen- 

20 erating a deformation of the tethers 1204 to 1207. The N-doped regions of tether 1207 
are mirror-symmetrically arranged with respect to a vertical middle axis of plate 1203 so 
that the change in resistance of the tethers 1204 and1207 will substantially cancel out 
each other. Accordingly, the voltage detected at contact pad 1210 substantially remains 
unchanged. 

25 

Contrary to this, on the tethers 1205 and 1206, N-doped regions are vertically arranged 
side by side so that upon application of a shear force, a maximum change of resistance 
in the doped regions of tether 1205 and 1206 will be obtained. Moreover, the doped re- 
gions on tether 1205 are inversely arranged to that of tether 1206 so that a maximum 
30 shift of the voltage detected at contact pad 1 21 3 will occur. Accordingly, a shear force 

applied to the plate 1203 will provide a substantially unchanged output voltage on contact 
pad 1210, irrespective of the magnitude of displacement of plate 1203, and a maximally- 
shifted output voltage on contact pad 1213 depending on the magnitude of displacement. 
Hence, tethers 1205 and 1206 act as a shear force sensor element. 
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Similarly, when a force is applied to the plate 1203 which is directed perpendicular to the 
drawing plane of Figure 12, the tethers 1204-1207 are deformed in such a way that the 
output voltage on contact pad 1210 is maximally shifted depending on the magnitude of 
5 displacement of plate 1203 in the direction perpendicular to the drawing plane, whereas 
the output voltage detected at contact pad 1213 remains substantially unchanged, irre- 
spective of the magnitude of the displacement. Accordingly, the tethers 1204 and 1207 
act as a normal force sensor element. 

10 Although the force sensor which is able to simultaneously detect a shear force and a 
normal force has been described with reference to the embodiment as shown in Figure 
12, a variety of modifications may be performed still providing the same advantages as 
the embodiment described above. 

1 5 For example, although the shear and normal force sensor element has been described to 
comprise four tethers, each including four appropriately-doped resistive regions, it is not 
necessary to provide four tethers per sensor plate. In certain circumstances, it may be 
preferable to have merely one tether for the normal force sensor element, or the shear 
force sensor element, or both. In this case, a corresponding displacement of the plate 

20 1203 causes a deformation of the four-doped regions on each tether. When a shear 

force is applied, the deformation of the doped regions, which are arranged as shown, for 
example, on tether 1205 will lead to a change of resistance, which can be detected when 
a constant current is supplied to the tether. Similarly, a normal force applied to the tether 
will result in a change of resistance when the tether has an arrangement as shown with 

25 reference to tether 1204. 

Moreover, in order to provide a stiffer behavior of the sensor element in responding to the 
shear force, it may be advantageous to arrange the tethers and doped regions thereon in 
such a way that the shear force is applied in the longitudinal direction of the tethers. For 
30 this case, tether 1207 of Figure 12 will be doped as is shown in the Figure and tether 

1206 will be doped as tether 1204 of Figure 12, wherein contact pads 1209 and 1212 are 
electrically connected so as to serve as a middle terminal of the normal force resistant 
bridge. The shear force bridge formed of tethers 1204 and 1205 include, respectively, at 
least one doped region, wherein contact pads 1209 and 1212 are connected to serve as 
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a shear force output. An input voltage common to the shear force sensor bridge and the 
normal force sensor bridge is applied at the contact pads 1210 and 1213. 

Furthermore, the geometric arrangement of the tethers and the plate may be adapted so 
5 as to appropriately detect a rotational displacement applied to the plate 1203. This may 
include an arrangement in which the sample plate 1203 is tethered to the supporting 
substrate 1202 by diagonally-arranged tethers. Moreover, the plate 1203 may be formed 
in a circular shape and the tethers, provided in any appropriate number, may radially ex- 
tend to the surrounding substrate. 

10 

The preferred layout of N-doped piezo-resistor regions shown in Figure 12 is preferably 
aligned along the direction of maximum tension and preferably along the direction of 
maximum change in piezo-resistance, to get maximum sensitivity. For the embodiment 
shown in Figure 12, the 100 direction is the direction of both maximum tension and 

15 maximum piezo-resistance change. Although the use of N-doped regions is shown, all 
N-doped regions may be replaced with P-doped regions. Also, the device alternatively 
may have different orientations of the piezo-resistor. For example, a P-doped piezore- 
sistor would preferably be aligned along the 1 10 direction, at 45 degree to the direction of 
longitudinal forces for maximum sensitivity. In alternative embodiments for the Figure 12 

20 embodiment of this invention, the N-doped regions may be replaced with any suitable 

piezo-resistive element, for example, piezo-resistive metal wires or doped polycrystalline 
silicon. 

In order to achieve accurate measurement results, preferably each sensor element is 
25 calibrated by applying a defined normal force and shear force and detecting the corre- 
sponding output voltages so as to determine the degree of mixture of these two force 
components for each sensor device. 

In an alternative embodiment, not shown in the figures, a device that has both piezo- 
30 resistive readout as well as capacitive electrodes to measure non-uniform forces acting 
on the plate may be used. In the preferred embodiment, four capacitive bond pad areas 
are placed at the four corners of the floating plate. Using both the piezo-resistor and the 
capacitive readouts, all the forces including the shear, the normal forces, and the rota- 
tional forces could be deconvolved. A skilled practitioner of the art can change the ca- 
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pacitor placement as well as change the capacitance area to maximize the device sensi- 
tivity. 

Since the sensor element according to the present invention is preferably manufactured 
5 as an array of sensor elements on an appropriate substrate, this sensor element is ad- 
vantageously used in combination with a parallel rheometer as previously described. 
Moreover, since these sensor elements may be produced in mass production at low cost, 
the sensor element may be designed as a disposable device so as to significantly facili- 
tate sample preparation for a parallel rheometer. The inventive sensor element, how- 
10 ever, may as well be used in combination with a single sample rheometer. 



